Characterizing quantum-sharing of electronic excitation in molecular aggregates  by Olaya-Castro, Alexandra & Fassioli, Francesca
Available online at www.sciencedirect.com
1876–6196 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of G.R. Fleming, G.D. Scholes and A. De Wit
doi:10.1016/j.proche.2011.08.024
22nd Solvay conference on Chemistry
Characterizing quantum-sharing of electronic excitation in molecular aggregates
Alexandra Olaya-Castroa,∗, Francesca Fassiolib,c
aDepartment of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK
bDepartment of Physics, University of Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK
cCurrent address: Department of Chemistry, Institute for Optical Sciences and Centre for Quantum Information and Quantum Control, University
of Toronto, 80 St. George Street, Toronto, Ontario, M5S 3H6, Canada
Abstract
A key and long standing question regarding the function of photosynthetic systems concerns the advantages that
delocalized electronic excitations and their coherent dynamics could oﬀer to robust and eﬃcient energy transfer within
and between photosynthetic light-harvesting complexes. Here we discuss how the framework of entanglement can be
used to characterize the strength and spatial distribution of electronic coherences in biomolecular aggregates, why this
is interesting, and how one can go about investigating possible relations between non-vanishing electronic coherences
and eﬃcient excitation transfer from donors to acceptors. As an example we discuss how certain coherences may cor-
relate to eﬃcient energy transfer in the Fenna-Mathews-Olson complex. Perspectives about understanding advantages
of coherence-assisted energy transfer are discussed.
Keywords:
1. Introduction
Electronic excitation energy transfer is ubiquitous in a variety of multichromophoric systems and has been a sub-
ject of numerous investigations in the last century. Components of the photosynthetic apparatus of diﬀerent organisms
have provided exquisite prototypes for these studies [1, 2]. Recently, sophisticated experimental work have been
developed with the purpose of attaining a more detailed picture of the coherent and incoherent quantum phenomena
relevant to excitation dynamics in a variety of molecular aggregates [3–9]. In particular, there is now evidence of os-
cillatory evolution of exciton superpositions in light-harvesting complexes isolated from green sulphur bacteria [3, 8]
and marine algae [7]. There is thus a boosted interest in understanding the advantages of processes whereby an elec-
tronic excitation oscillates back and forth between diﬀerent locations instead of excitation ‘hopping around’. And if
the alternative is nothing but ‘to hop’ (e.g. long-time dynamics), the advantages that it oﬀers to do so by keeping track
of collective behaviour among the molecular components (e.g. hopping between collective exciton states) rather than
by hopping between individual pigments with no trace of quantum correlations at all (e.g. Fo¨rster process) [10, 11].
The interest in understanding both the conditions under which coherent exciton dynamics can be expected and the
role of such oscillatory dynamics in eﬃcient energy transfer has generated a large amount of theoretical work (for a
recent review see Ref. [12]). A variety of aspects have been investigated including the role of exciton symmetry and
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delocalization [13], the eﬀects of spatially correlated ﬂuctuations [14, 15], the interplay of coherent and incoherent
dynamics needed to produce high eﬃcient transport within single protein complexes [16–18], the conditions under
which optimization of eﬃciency is achieved [19], as well as more general theoretical aspects of excitation dynamics
in regimes outside the standard approximations [20–22].
The experimental evidence of coherence oscillations in biomolecular aggregates has also motivated a new trend
of theoretical studies on excitation energy transfer from a Quantum Information Science perspective [23–29]. An
intriguing question that can be addressed from this viewpoint is whether long-range and/or multipartite correlations
play an important role in guaranteeing a eﬃcient energy transfer or whether such correlations are just consequence
of the quantum dynamics with no speciﬁc quantitative relation to eﬃcient transport? The entanglement framework
can also provide an interesting tool for characterizing the real-space distribution of electronic coherences and its
time evolution, complementing the usual approach to describe exciton coherence by an average delocalization length
[30–33].
Here we discuss our recent eﬀorts to understand possible relations between electronic coherences and the transfer
eﬃciency of a light harvesting complex [25]. The focus of our study are electronic coherence present in the system
at times when excitation trapping is likely. The prototype system here considered is the Fenna-Mathews-Olson com-
plex (FMO) found in green sulphur bacteria [3, 8]. No clear quantitative links between the total average coherence
and the quantum eﬃciency were obtained. However, our analyses highlight the possible detrimental or positive ef-
fect that coherences among diﬀerent parties could have on eﬃcient transport. In particular, our results indicate that
while coherence between pigments acting as excitation donors could be detrimental to eﬃcient transport, multipartite
correlations involving the central pigment in the complex can correlate positively to high eﬃciency.
2. Sharing of electronic excitation in multicromophoric systems
The following hamiltonian describes the electronic degrees of freedom of a multichromophoric system with N
pigments and their interaction with the intramolecular and protein vibrations.
H = H0 + Hel + Hel−b (1)
where the total bare Hamiltonian is given by H0 =
∑N
n=1 nσ
+
nσ
−
n +
∑
nk ωnkb
†
nkbnk and the intermolecular electronic
coupling and electronic-bath interaction are described by
Hel =
∑
m
∑
n>m
Vmn(σ+mσ
−
n + σ
+
nσ
−
m) (2)
Hel−b =
∑
n
σ+nσ
−
n ⊗
∑
nk
gnk(b
†
nk + bnk) (3)
Here σ+(−)n is the creation (annihilation) operator of an excitation at site n, while b
†
nk and bnk are respectively the boson
creation and annihilation operators for the vibrational mode k of the nth site with frequency ωnk. The ratio between
molecular energy diﬀerences |n− m| and the magnitude of their electronic coupling Vnm deﬁnes the localized or delo-
calized character of excited electronic states of H0+Hel, while the magnitude of the intermolecular electronic coupling
relative to the coupling of each molecule to the phonon bath (quantiﬁed by the spectral density of the couplings gnk)
determines the competition between electronic resonance and phonon-assisted transfer. This competition then dictates
whether the excited state dynamics and its associated energy transfer are quantum-mechanically coherent or for all
intents and purposes incoherent.
Fo¨rster energy transfer between molecular sites and Redﬁeld-type exciton relaxation are two well characterized
limiting cases of excited stated dynamics described by Eq. (1). Second order perturbation with respect to Hel, valid
when electronic coupling is weak and vibronic induced relaxation dominates leads to the Fo¨rster description of energy
transfer, while perturbative treatments with respect to Hel−b, valid when excitation is weakly coupled to the bath
degrees of freedom, deﬁne the regime of exciton relaxation described by theories such as Redﬁeld. The current
theoretical challenge is a description of phenomena relevant for the intermediate regime and a theory that properly
interpolates between these two limiting cases. Important eﬀorts have been made in that direction [20–22]. In what
follows we would like to point out key distinctions that highlight the quantum features we are interested in.
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2.1. Coherent and Incoherent quantum-sharing of excitation
Coherent evolution implies oscillatory dynamics of interferences between electronic eigenstates. Such dynamical
evolution can be described by a quantum master equation, in contrast to incoherent dynamics whose mathematical
description is given by a Pauli master equation of populations in an appropriate basis of states. Notice that the
state space in which such an incoherent, hopping-like process occurs can be deﬁned by delocalized excitonic states.
Clearly, whether a quantum dynamics is coherent does not depend on the basis we chose to represent the system’s
state (molecular or eigenstates basis). Oscillatory behaviour of oﬀ-diagonal elements in the eigenstate basis simply
transform into multiple-frequency oscillations of coherences and populations in the molecular (site) basis. The choice
of basis depends on the phenomena of interest and the measurements that can be performed.
An implication of persistent coherent quantum dynamics is that the quantum-mechanical phase memory of the
initial state of the excitation is preserved. Under coherent evolution an initial coherent superposition of exciton states
evolves, preserving original phase relationships and exhibiting well-deﬁned oscillations of the oﬀ-diagonal elements
of the density matrix (in the original exciton basis). Therefore, in the presence of lasting coherent dynamics, quantum
properties of the initial state can inﬂuence energy transfer pathways and eﬃciencies. We have illustrated such an eﬀect
happening in a model system mimicking the core complex found in purple bacteria [13, 14]. A conclusion of our work
is that the way in which diﬀerent initial states are distinguished can provide information not just on the strength of
coherent dynamics but also on the environmental correlations that may be at play.
2.2. Approach to thermal equilibrium
The competition between electronic interaction and coupling to the phonon bath also dictates the way thermal
equilibrium is approached after photo-excitation. In the Fo¨rster limit and neglecting exciton recombination or exciton
trapping, long-time dynamics satisﬁes detailed balance between populations in the molecular site basis. In contrast,
when electronic excitation is weakly coupled to the phonon bath, the equilibrium distribution is achieved among popu-
lations of delocalized excitonics eigenstates as predicted by theories such as Lindblad [34]. In the intermediate regime
the system evolves towards a thermal state that is non-diagonal neither in the original eigenstate basis nor in the site
basis, indicating that equilibrium is achieved among dressed delocalized states that preserve characteristic collective
beahaviour. Indeed, a thorough understanding of the approach to thermal equilibrium as the exciton-phonon coupling
is varied may prove particularly important to unravel the advantages of quantum sharing of electronic excitation.
In disordered systems, where eigenstates of the H0 +Hel are already very much localized, the thermal equilibrium
distribution in the regime of weak system-bath coupling will be very similar to the distribution that it would have if the
system was instead in the Fo¨rster limit -the thermal population of energy states will depend mostly on the molecular
energy diﬀerences and temperature. However, the route to the thermal equilibrium is diﬀerent in each case. In both
situations a description in the site basis is suitable, though in the weak-coupling case, site populations and site-to-
site coherences are coupled (even if not too strongly). Can such coherence-population transfer provide a route for
speeding-up relaxation towards lowest energy states as discussed in [35]?
2.3. Quantum and classical sharing of excitation
The above discussion leads to idea that quantum-sharing of excitation (whether through coherent or incoherent
dynamics) implies that the probability of ﬁnding a site m excited depends not only on the populations of other sites,
but also on the coherences (and therefore correlations) between site m and other sites in the molecular complex. With
this distinction in mind it is convenient to represent dynamics of a single excitation with the density matrix ρ(t) as:
ρ(t) =
N∑
m=1
N∑
n=1
amn(t)|m〉〈n| (4)
where |m〉 = |0..1m....0〉 denotes the state with the excitation on site m and all other chromophores (sites) in the ground
state, amn(t) describes the populations (m = n) and coherences (m  n) in the site basis, which from now on we refer
to as electronic coherences. In brief, quantum-sharing implies a dynamics in which site-to-site electronic coherences
are non vanishing (i.e. amn(t)  0) and populations and coherences in the molecular basis are coupled. In this context,
a “classical” sharing will be understood as the situation in which all site-to-site correlations can be neglected at all
times such as it happens in the Fo¨rster limit of energy transfer.
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As it will be discussed in the next section, the distinction between classical and quantum sharing has motivated
the use of entanglement measures. In this perspective we can rephrase our motivating question as:
What advantages does it oﬀer to share excitation in a quantum fashion, that is, by keeping track of site-to-
site coherences over a process in which such quantum correlations can be neglected at all times?
3. Measures of quantum-sharing and entanglement
Characterization of the exciton coherence length was greatly motivated by the experimental evidence that exci-
tation dynamics deviated from excitation hopping in LH2 complexes isolated from purple bacteria [30, 36]. As a
side note here, the hypothesis is then that there must be a time scale in which the dynamics in LH2 is coherent as
predicted by theoretical works [37], though so far its experimental conﬁrmation has been elusive. Several measures
were compared to estimate the average lengh-scale of delocalization of the thermalized exciton in LH2, which was
found to be about 3 to 4 sites [30, 33, 36].
The interest in a length-scale of electronic coherence was inspired by the fact that delocalization length is a
good measure of coherence in one dimensional molecular aggregates. However, as pointed out in Ref. [33] “higher
dimensionalities or fractal structures necessitate a broader deﬁnition of an exciton delocalization domain”. Several
authors proposed measures that considered ρ(t) as ensemble distribution of pure excitonic states of a disordered
system [31, 32]. Here we would like to bring the attention to two of such measures which have some relations to the
entanglement measures recently used to investigate coherence properties of excitation in biomolecular complexes as
it will be discussed below. One is the inverse participation ratio [31]:
Lp(t) ≡
⎡⎢⎢⎢⎢⎢⎣N
∑
m
∑
n
|amn(t)|2
⎤⎥⎥⎥⎥⎥⎦
−1 ⎡⎢⎢⎢⎢⎢⎣
∑
m
∑
n
|amn(t)
⎤⎥⎥⎥⎥⎥⎦
2
(5)
Another measure is the quantity proposed by Ku¨hn and Sudstro¨m [32], which deﬁnes the exciton delocalization length
as the full width half-maximum of the distribution function
Cn(t) ≡
∑
mn
∣∣∣〈am,n(t)〉disorder∣∣∣ (6)
However, when considering the dynamics of ρ(t) under an interplay of coherent and incoherent processes, an
average of correlated sites may overshadow interesting subtleties of the way electronic coherences are distributed
in space and time. For instance, far apart molecular sites may have non vanishing correlations even if the average
coherence length is much smaller than the system’s size. Hence, it seems interesting to characterize not only an
average length but also the real space distribution and strength of the electronic coherence associated to ρ(t). Such
characterization will in turn quantify a distinction of ρ(t) from a classical ensemble for which amn(t) = 0 for m  n. It
is in this context that the framework of entanglement and quantum correlations can prove particularly useful.
Quantum superpositions of the states of a composite system give rise to coherence and entanglement.Yet, these
two phenomena are in general not the same. While quantum coherence is generally associated with interference of
probability amplitudes, entanglement refers to non-classical correlations between distinguishable modes or subsys-
tems of a multipartite complex [38, 39]. However, it has been discussed that in settings where the system’s quantum
evolution is restricted to a subspace with zero- and one-electronic excitation, the presence of electronic coherence
guarantees the existence of entanglement [23–25].
Sarovar and co-workers derived a measure for the global entanglement content of ρ(t) by computing the relative
entropy with respect to a set of separable states (i.e. amn(t) = 0 for m  n) and investigated entanglement distribution
in the FMO complex [23]. Caruso and co-workers used the logarithmic negativity to investigate total entanglement
content and entanglement across diﬀerent bipartitions in FMO as well [24]. In reference [25], we quantiﬁed the
entanglement of ρ(t) by the sum of bipartite contributions as measured by the tangle
E(t) ≡
∑
m,n>m
τm,n =
∑
m,n>n
4|amn(t)|2 (7)
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Figure 1: Transfer of excitation in the FMO complex. Experimental works [45] suggest that an excitation initially localized on the pair 5-6 is most
likely transfered to the pair 3-4 via site 7, and that an excitation initially on the pair 1-2 is likely to be directly transferred to 3-4. However, the path
1-2 to 7 to 3-4 is also probable. Time-evolution of entanglement of site 7 with the rest of the chromophores (E7,rest) and the trapping probability
density (ωRC) for initial states (a) |1〉 and (b) |6〉 with T = 293 K and Er = 35 cm−1. In both cases, E7,rest(t) has a maximum at times when
excitation is most likely to be trapped i.e. when ωRC(t) also has a maximum. This suggests that a large value of electronic coherence of site 7 with
the rest goes along with successful transfer from donors to acceptors (see ﬁgure 2).
The use of this measure was motivated by being one that captures shareability relations of entanglement in a mul-
tipartite setting [40–42]. Contrary to classical states, entangled states cannot be freely shared among many parties,
and therefore, the amount of quantum correlations that exist between two subsystems limits strongly the amount of
entanglement they can share with a third party [40–42].
Whether this sophisticated approach to quantify coherences and quantum correlations will help us to understand
the role of such quantum phenomena in the biological function of light-harvesting systems is open to discussion. In
the next section we describe some of our eﬀorts to understand possible relations between eﬃcient transfer and the
electronic coherences associated to ρ(t).
4. Quantum eﬃciency and quantum correlations
One of the ﬁgures of merit to assess how well a photosynthetic complex functions is its quantum eﬃciency [43].
The quantum eﬃciency η measures the total probability that an excitation is eﬀectively delivered from donors (sites
that were originally excited) to eﬀective acceptors where excitation can be ’trapped’ e.g. by generating charge sepa-
ration as it happens in a photosynthetic reaction centre (RC), instead of excitation being radiatively dissipated [13]:
η =
∫ ∞
0
ωRC(t)dt (8)
where ωRC(t) ≡ ∑m κm〈m|ρ(t)|m〉 is the probability density that the excitation is transferred from any of the sites to
the trapping center with κm being the trapping rate at site m. In the case of the FMO complex, we have assumed that
exciton decay happens at a rate Γ = 1 ns−1, equal at all sites, and that site 3 traps at rate of κ = 1 ns−1. Notice that
for an individual complex with no trapping center and considering that ﬂuorescence happens in a time scale much
larger than exciton relaxation, one can simply assess the energy transfer performance by investigating the time scale
in which acceptor states are populated [44].
Now, the question of interest is:
if electronic coherences are present, can we establish quantitative links between eﬃcient transfer and the
average coherence associated to ρ(t)?
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Figure 2: Eﬃcient transfer and multipartite coherence of site 7. Temperature dependence of the (a) transfer eﬃciencies (η) and (b) the long-
time average of electronic coherences of site 7 with all other chromomophores (φ7,rest) for the two initial states |1〉 (solid line) and |6〉 (dashed
line) with Er = 35 cm−1. For a given temperature, eﬃciency of |6〉 is larger than of |1〉 and larger eﬃciencies are associated to larger values
of φ7,res. Most importantly, for state |1〉, both η and φ7,rest have a maximum at T  200 K indicating that optimization of eﬃciency with the
temperature is accompanied by an optimization of the average entanglement φ7,rest . This suggest that for conditions relevant for the operation of
FMO, multipartite electronic coherences of site 7 with the remaining chromophores correlate positively with eﬃcient transport. Dotted lines in (b)
correspond to dynamics solely given by incoherent relaxation among excitonic eigenstates.
In order to explore such quantitative relationships, in reference [25] we proposed to consider the average of
entanglement at times when excitation trapping is likely. Formally, this corresponds to the average entanglement
associated to the waiting time distribution deﬁned by ωRC(t):
φE =
1
η
∫ ∞
0
E(t)ωRC(t)dt (9)
We deﬁned this weighted average as “entanglement yield” but this does not necessarily denote a beneﬁcial entangle-
ment, in terms of eﬃciency (at least not always). Therefore, to avoid confusion we will denote here φE simply as the
average entanglement. Diﬀerent from previous studies [23, 24], this time-average quantiﬁes quantum correlations that
are present in a time scale of biological relevance, that is the the average transfer time (t f ):
φE  1t f
∫ t f
0
E(t)dt (10)
In reference [25], we investigated possible relations between diﬀerent entanglement partitions and their time-averages
given by Eq. (9), and quantum eﬃciencies of the FMO protein, under the assumption of weak system-bath coupling.
No clear quantitative links between the total average entanglement and the quantum eﬃciency could be obtained.
However, when comparing diﬀerent contributions to such total average, we found that they nicely capture the distri-
bution of entanglement among the FMO molecular sites depending on the diﬀerent transfer pathways. For example,
the average entanglement of mediator site 7 and the rest is always larger for the case when the excitation is initially
localized on site 6 than for the initial state at site 1, consistent with the fact that energy migration from site 6 is largely
mediated by site 7, the central site in the complex (see Fig. 1). Another interesting ﬁnding or our work is that, for a
wide range of system-bath couplings, the average entanglement between the pairs 1 − 2 and 5 − 6 denoted as donors
i.e. EDD = τ1,5 + τ1,6 + τ2,5 + τ2,6, correlates in general to ineﬃcient transfer. This means that when comparing
two diﬀerent initial states, the state exhibiting a higher quantum eﬃciency is associated to a lower average of donor-
donor entanglement. These results suggest that EDD is detrimental to eﬃcient transfer and naturally raise the question
of whether, on the contrary, entanglement among other pigments may have a positive correlation with the quantum
eﬃciency.
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Our results indicate that how other entanglement partitions correlate to the quantum eﬃciency depends on the sys-
tem bath coupling. In particular, for physiologically relevant values of bath-reorganization energies (between 20 cm−1
and 35 cm−1) electronic coherences involving the mediator site 7, correlate with eﬃcient transfer. Quantum correla-
tions between site 7 and the rest of pigments in the complex are quantiﬁed by E7,rest ≡ ∑i7 τ7,i and its associated
time-average φE7,rest is calculated according to Eq. (9). In ﬁgure 1 we compare the evolution of E7,rest(t) and the
trapping probability ωRC(t) for initial states where excitation is localized either in site 1 (i.e.|1〉) or in site 6 (i.e. |6〉).
In both situations correlations of site 7 have a local maximum at times when excitation is most likely to be trapped
(picosecond time scale), indicating that eﬃcient trapping of excitation is accompanied by raising correlations between
site 7 and the rest. To investigate this further we consider the temperature dependence of the average entanglement
φE7,rest as shown in ﬁgure 2. For a given temperature, the quantum eﬃciency of |6〉 is larger than of |1〉 and larger
eﬃciencies are associated to larger values of φ7,rest. Most importantly, for state |1〉, both η and φ7,rest have a maximum
at T  200 K indicating that optimization of eﬃciency with temperature is accompanied by an optimization of the
average entanglement φ7,rest. Such optimization of eﬃciency with temperature has also been predicted within the con-
text of more elaborated theories than the simple weak-coupling approximation here considered [19]. This suggests
that for conditions relevant for the operation of FMO, multipartite electronic coherences of site 7 with the remaining
chromophores may indeed correlate positively with eﬃcient transfer. To assess the relevance of coherent dynamics
in this phenomena we have compared these entanglement averages with those obtained when the dynamics is solely
given by incoherent thermal relaxation among exciton eigenstates i.e. ρ(t) =
∑
α cα(t)|ψα〉〈ψα| with {|ψα〉} being the
set excitonic eigenstates of the Hamiltonian describing the electronic degrees of freedom in FMO. The results are
presented in ﬁgure 2 (b) (black dotted lines) and indicate that, as expected, the raise in the entanglement of site 7 in
the picosecond time scale (ﬁgure 1) is dominated by population of eigenstates which have a large participation of site
7, and therefore the average entanglement quantiﬁed here (ﬁgure 2 (b)) does not come from superpositions between
excitonic eigentstates.
In summary, we have illustrated how the framework of entanglement can be used to investigate the spatial distri-
bution of electronic coherences and the possible positive or detrimental relations of diﬀerent multipartite correlations
to eﬃcient transfer. Here we would like to point out a discussion. Although the entanglement measure used in this
article captures how sites are correlated, it does not distinguish whether their associated interference is destructive or
constructive, and it may be that it is the constructive or destructive character of the interferences what beneﬁts eﬃ-
cient transfer. For instance, in Ref. [13] we showed that when only coherent dynamics and static disorder are at play,
interference properties aﬀect signiﬁcantly the probability of trapping. We also showed that such interference distinc-
tions can also be relevant when dynamic disorder is present [14]. This suggest that if coherences are present, eﬃcient
energy transfer may be associated to a dynamics that distinguishes both the destructive or constructive character of
the interferences between sites and the quantum correlations captured by entanglement.
5. Perspectives
Advantages of coherence and correlations in energy transfer. One of the roles conjectured for coherent exciton
dynamics in light harvesting components is a possible speed-up in the search for the lowest energy state [3]. That
could indeed be the case. Not in terms of a Grover search [46] as originally speculated, but perhaps in terms of
coherence-assisted relaxation as observed in situations where coherences and populatiosn are coupled and quantum
dynamics is non-ergodic [35]. Furthermore, it is also known that the structure and arrangement of antenna complexes
are not solely optimized for fast transfer but also incorporate the ability to modulate their function under diﬀerent
environmental conditions. A question of interest is then whether coherence-assited energy transfer could oﬀer an
advantage under ﬂuctuations of external parameters such as illumination or temperature. Even if is small, ﬁne quantum
tuning of the energy transfer process can be part of the “lessons learnt” by an evolved and adapted pigment-protein
complex.
Experimental characterization of other quantum dynamics involved. The two-dimensional photon echo experi-
ments have proved to be powerful in measuring coherence oscillations during excited state dynamics. Can this tech-
nique be extended and/or modiﬁed to obtain experimental signatures of other quantum processes such as coherence to
populations transfer? What other experimental approaches would be necessary to test fully the fundamental quantum
nature of the excited state dynamics? Can single molecule spectroscopy techniques provide new alternatives in this
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direction? Furthermore, environmental correlations whether in space or in time have been theoretically discussed as
possible mechanisms under which oscillatory behaviour of exciton populations and coherences can be observed. The
issue is not settled yet. Therefore a question of interest here is: what are unique signatures of each proposed mech-
anism for coherence-preservation? Measuring how good a particular dynamics is at distinguishing diﬀerent initial
photo-excitation conditions could help characterizing the environmental correlations involved.
Beyond a single complex. Individual antenna complexes are components of a large assembly forming the pho-
tosynthetic apparatus [1, 2]. In particular, the organization of the light-harvesting complexes and variations of such
organization under diﬀerent growth conditions in purple bacteria is now known [47–49]. An important question here
is what is the beneﬁt that the photosynthetic system as a whole will have if their individual components operate in a
regime where coherence oscillations can last for some time? A computation of the quantum dynamics of an assembly
of hundreds of complexes will be intractable and probably unnecessary. In reference [48] we have shown that in
the photosynthetic apparatus of purple bacteria there may be minimal functional units that preserving the same ratio
of LHI-RC to LH2 complexes as a larger membrane area, are capable of exhibiting the same transfer eﬃciency as
the larger molecular assembly (other transport properties will of course depend strongly on the system’s size). The
quantum eﬃciency of the whole photosynthetic assembly is an emergent property i.e. it arises from the interaction
of several complexes. Hence, our ﬁnding points out a possible minimal unit exhibiting such emergent behavior and
could serve as a prototype of a large-enough aggregate to explore the biological relevance of coherence-assisted energy
transfer.
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